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Introduction {#sec001}
============

Iron-sulfur (Fe-S) clusters are ancient cofactors found in proteins from all kingdoms of life. Proteins containing iron sulfur clusters perform numerous critical functions including transfer of electrons in oxidative metabolism, photosynthesis, nucleotide metabolism, synthesis of protein cofactors, and are crucial for DNA replication and DNA repair \[[@pone.0139699.ref001], [@pone.0139699.ref002]\]. Biosynthesis of Fe-S clusters occurs by complex protein assembly systems which include scaffold proteins, chaperones, electron transfer proteins and cysteine desulfurases \[[@pone.0139699.ref003]\]. In mammals there are two distinct sets of Fe-S cluster assembly machinery: the mitochondrial iron sulfur cluster assembly (ISC) system and the cytosolic iron sulfur cluster assembly (CIA) system. The CIA supplies Fe-S clusters for cytosolic and nuclear proteins, including those involved in DNA replication and repair \[[@pone.0139699.ref004]\]. The mitochondrial ISC system has been reported to be necessary for the activation of the cytosolic system \[[@pone.0139699.ref005], [@pone.0139699.ref006]\]. However the exact nature of the link between the two systems remains unknown. There are several human diseases associated with defects in Fe-S biogenesis, including Friedreich's Ataxia, sideroblastic anemia, multiple mitochondrial dysfunctions syndrome, and cancer \[[@pone.0139699.ref003], [@pone.0139699.ref007]\].

The human NEET proteins are a recently discovered new class of 2Fe-2S proteins. They are the only known iron-sulfur proteins localized at or near the outer mitochondrial membrane that are at the interface between the mitochondria and cytosol. The best characterized of these are mitoNEET (mNT, CISD1) and nutrient-deprivation autophagy factor-1 (NAF-1, miner1, ERIS, CISD2) (reviewed in \[[@pone.0139699.ref008]\]). mNT is located on the outer-mitochondrial membrane (OMM) and NAF-1 on the endoplasmic reticulum (ER) and the mitochondrial-associated membrane (MAM) of the ER \[[@pone.0139699.ref009]--[@pone.0139699.ref011]\]. NAF-1 in the MAM is intimately connected to the OMM via its complex with IP~3~R, which is directly tethered to the OMM pore protein VDAC by grp75 \[[@pone.0139699.ref009], [@pone.0139699.ref012]\]. These NEET proteins are involved in several human diseases including cancer, diabetes, cystic fibrosis, Wolfram syndrome 2, neurodegeneration and muscle atrophy \[[@pone.0139699.ref008], [@pone.0139699.ref013]--[@pone.0139699.ref018]\]. Crystal structures show that both mNT and NAF-1 are homodimers with each protomer coordinating a 2Fe-2S cluster with an unusual 3Cys:1His coordination \[[@pone.0139699.ref019], [@pone.0139699.ref020]\]. The unusual Fe-S cluster coordination by three Cys ligands and one non-Cys ligand has been found in Fe-S cluster transfer proteins \[[@pone.0139699.ref021]\]. We demonstrated the ability of NEET proteins to transfer their 2Fe-2S clusters to apo-ferredoxin, the gold-standard protein used for Fe-S cluster transfer experiments \[[@pone.0139699.ref022], [@pone.0139699.ref023]\].

The subcellular localization of the NEET proteins at the interface of the cytosol and the mitochondria, as well as their cluster transfer function, led us to investigate whether they connect the mitochondrial ISC system to the CIA system. The cytosolic 2Fe-2S protein Anamorsin (also known as cytokine induced apoptosis inhibitor-1; CIAPIN-1) is an electron transfer protein that is required for an early step of Fe-S cluster assembly by the CIA system \[[@pone.0139699.ref024]--[@pone.0139699.ref026]\]. In this study we identify Anamorsin as the first known direct physiological 2Fe-2S cluster acceptor for both mNT and NAF-1. Similar to our previous findings with ferredoxin, transfer only occurs when the cluster is in the oxidized \[2Fe-2S\]^2+^ state and is inhibited by mutation of the His ligand to Cys. The rate of cluster transfer to Anamorsin from mNT or NAF-1 is comparable to those by other known human 2Fe-2S cluster transfer proteins. We show, using biolayer interferometry, that both NEETs form a direct protein-protein interaction with Anamorsin. Furthermore, we report that NEET proteins directly transfer 2Fe-2S clusters to both Anamorsin cluster-binding sites allowing for complete reconstitution of holo-Anamorsin. Because holo-Anamorsin is required for the biosynthesis of Fe-S clusters by the CIA system, 2Fe-2S cluster transfer to apo-Anamorsin suggests that the NEET proteins have an essential role in regulation/activation of cluster assembly by the CIA system.

Experimental Procedures {#sec002}
=======================

Expression and purification of proteins {#sec003}
---------------------------------------

The soluble domains of NAF-1 (residues 57--135) and mNT (residues 33--108) were expressed and purified as described previously \[[@pone.0139699.ref019], [@pone.0139699.ref023]\]. The purified NEET proteins contain ≥ 98% cluster occupancy. The human Anamorsin cDNA encoding plasmid (Abgent) was amplified by PCR and subcloned into a pET28-a(+) vector (Novagen) between NdeI and XhoI restriction sites. The vector adds a 6x his-tag and a thrombin cleavage site to the N-terminus of the gene. BL-21 Codon Plus (DE3) RIL cells (Stratagene) were transformed with the pET28-a(+)-Anamorsin construct. Cultures were grown in LB media containing as described previously \[[@pone.0139699.ref027]\]. 750 μM FeCl~3~ was added to the culture 30 minutes before induction with IPTG. Cells were pelleted by centrifugation and resuspended in 20 mM Tris-HCl pH 8.0, 250 mM NaCl, 5 mM imidazole. Resuspended cells were lysed using an EmulsiFlex-C5 homogenizer (Avestin) and centrifuged. Supernatant containing his-tagged Anamorsin was bound to Ni-NTA agarose (Qiagen) resin, washed with the resuspension buffer and eluted with the same buffer with 300 mM imidazole. Eluted Anamorsin was diluted in 25 mM Tris-HCl pH 7.1 containing 5 mM DTT and further purified using a HiTrap Q HP 5 ml anion-exchange column (GE Healthcare). The protein was eluted by a 150--500 mM NaCl gradient in 25 mM Tris-HCl pH 7.1 and 5 mM DTT. For apo-Anamorsin, the 2Fe-2S cluster was removed by the method described by Kennedy and Beinert \[[@pone.0139699.ref028]\]. The single cluster site mutants of Anamorsin (C1 and C2) were designed by replacing each of the 4Cys cluster ligands with Ser by site-directed mutagenesis.

UV-Vis absorption spectroscopy transfer kinetics {#sec004}
------------------------------------------------

Absorption spectra were recorded from 300--800 nm on a Cary 50 spectrophotometer (Varian) with a temperature control unit set at 37°C using a 1 cm pathlength cuvette. Spectra were obtained under aerobic conditions unless otherwise stated. The ratio of absorbance at 423 nm (characteristic of the 2Fe-2S cluster(s) of Anamorsin) to 458 nm (NEET 2Fe-2S cluster signature peak) was monitored as cluster transfer progression. The extent of the cluster transfer reaction is determined and plotted described previously \[[@pone.0139699.ref023]\] using the equation: Transfer Progress(%) = (R~obs~−R~initial~)/(R~final~−R~initial~)x100%, where R~initial~ is the 423/458 nm absorbance ratio at time 0, R~obs~ is the 423/458 nm ratio at a given time, and R~final~ is the is the 423/458 nm ratio for complete transfer. R~initial~ for transfer from NAF-1 and mNT is 0.78. R~initial~ values for transfer from NAF-1 H114C mutant and mNT H87C mutant are 0.93 and 0.90 respectively. The 423/458 nm absorbance ratio of purified holo-Anamorsin, C1 mutant and C2 mutant (1.04, 1.03, 0.99 respectively) were used as the values for complete transfer (R~final~). For transfer reactions, apo-Anamorsin was pre-incubated with 2.5 mM DTT for 60 minutes to ensure the reduction of its cysteine thiol groups. Kinetic measurements were performed using equimolar concentrations of NAF-1 or mNT to apo-Anamorsin (one NEET with two 2Fe-2S cluster per Anamorsin) in 50 mM Bis-Tris pH 7.0, 100 mM NaCl, 2.5 mM DTT unless stated otherwise stated. The apo-Anamorsin and DTT were preincubated for 60 min prior to the addition of NEET protein.

Biolayer interferometry {#sec005}
-----------------------

Kinetics of the apo-Anamorsin interaction with NAF-1 or mNT was measured on an Octet Red96 instrument (ForteBio). Apo-Anamorsin was biotinylated by incubation for 30 minutes with EZ-Link Sulfo-NHS-LC-biotin (Thermo Scientific) at a 2:1 molar ratio of biotinylation reagent to protein then buffer exchanged using a PD10 desalting column (GE Healthcare) into 50 mM bis-tris, 100 mM NaCl, 0.1% Tween 20, 0.5 mg/ml BSA, 5 mM DTT, pH 7.0. 3.5 μM biotinylated Anamorsin was immobilized to streptavidin biosensors (ForteBio). The loaded biosensors were equilibrated in the same buffer without DTT. Association was measured over 900 seconds. The association is determined by wavelength shift (nm). Following association, dissociation was determined by transferring the biosensor tip to buffer without NEET protein for a period of 1800 seconds. Controls for non-specific binding for each NEET concentration were run with no loading to the biosensor and subtracted from the corresponding binding data. Data was fit to a 1:1 model for binding to apo-Anamorsin and a 2:1 heterogeneous ligand model for binding to holo-Anamorsin using the Octet software. The data was plotted using Kaleidagraph (Synergy Software).

Preparation of post-cluster transfer Anamorsin for mass spectrometry and biolayer interferometry {#sec006}
------------------------------------------------------------------------------------------------

25 μM apo-Anamorsin in 50 mM Bis-Tris pH 7.0 and 100 mM NaCl was pre-incubated with 2.5 mM DTT for 60 minutes. 27.5 μM NAF-1 was then added and the reaction mixture was incubated in an orbital shaker at 37°C for 3.5 hours. After the reaction holo-Anamorsin was purified from NAF-1 using a HiTrap Q HP 1 ml anion-exchange column. The protein was eluted by a 150--500 mM NaCl gradient in 25 mM Tris-HCl pH 7.5. Samples for mass spectrometry were buffer exchanged into 10 mM Ammonium acetate pH 7.5 buffer using Quick Spin Protein columns (Roche).

Electrospray ionization mass spectrometry {#sec007}
-----------------------------------------

Anamorsin samples in 10 mM Ammonium acetate pH 7.5 with a concentration of \~1 mg/ml were diluted 100 fold in 50% methanol with 0.5% acetic acid and injected into a Quattro Ultima Triple Quadrupole system (Waters). Spectra were acquired in positive ion mode with an m/z range of 500--2000. Mass deconvolution was performed using the MassEnt1 tool in the MassLynx software package.

Results {#sec008}
=======

NAF-1 or mNT can transfer their oxidized 2Fe-2S clusters to apo-Anamorsin {#sec009}
-------------------------------------------------------------------------

Anamorsin has two 2Fe-2S binding sites, each with a ferredoxin-like 4-Cys cluster ligation that differs from that of the NEETs (3Cys:1His). This difference in ligation gives it a UV-Vis absorbance spectrum that is distinct from that of the NEET proteins, predominantly in the 400--500 nm region. In this region Anamorsin has absorption peaks at 423 and 458 nm, whereas both NAF-1 and mNT have only a peak at 458 nm ([Fig 1](#pone.0139699.g001){ref-type="fig"}). We determined the molar extinction coefficient of the Anamorsin 2Fe-2S cluster peak at 458 nm to be 5800 M^-1^cm^-1^ per cluster, while that of the NEETs is 5000 M^-1^cm^-1^ per cluster \[[@pone.0139699.ref029]\]. We use the ratio of 423 nm to 458 nm to monitor transfer of 2Fe-2S clusters from mNT or NAF-1 to apo-Anamorsin. As transfer occurs we expect the 423 nm peak to rise, and thus an increase in the 423/458 ratio. In contrast loss of the cluster to solution would result in complete loss of visible absorbance in the 400--800 nm region \[[@pone.0139699.ref019]\]. To prepare the protein for 2Fe-2S cluster transfer studies, the free cysteines of apo-Anamorsin are reduced by pre-incubation with DTT for 60 minutes to ensure that they are ready for cluster ligation. The first scan upon the initiation of transfer shows an oxidized NEET spectrum, which indicates that most of the DTT is oxidized. Reduced DTT will reduce the NEET clusters \[[@pone.0139699.ref030]\], which inhibits transfer \[[@pone.0139699.ref023]\]. Subsequently, NAF-1 or mNT was added to pre-reduced apo-Anamorsin and the cluster transfer reaction was monitored by UV-Vis spectrophotometry. The stoichiometry of NAF-1 or mNT to apo-Anamorsin was chosen to provide one 2Fe-2S cluster per Anamorsin as it was previously reported that both cluster binding sites could not be simultaneously reconstituted \[[@pone.0139699.ref024], [@pone.0139699.ref027]\]. Under oxidizing conditions transfer proceeds from both NAF-1 and mNT with no loss of clusters to solution and the data are well fit to a single exponential phase ([Fig 2](#pone.0139699.g002){ref-type="fig"}). NAF-1 transfer proceeded to completion whereas mNT transferred \~80% of its clusters showing efficient transfer from either NEET protein to Anamorsin. Scans at select time points can be seen in [S1 Fig](#pone.0139699.s001){ref-type="supplementary-material"}. Reduced DTT has been shown in some cases to mediate cluster transfer \[[@pone.0139699.ref031]\]. To test whether this was the case for NEET-Anamorsin, DTT was removed from apo-Anamorsin following 60 min incubation with this agent. The DTT free apo-Anamorsin is readily able to receive the NEET clusters ([S2 Fig](#pone.0139699.s002){ref-type="supplementary-material"}). This indicates that NEET-Anamorsin cluster transfer is a solely protein-mediated event.

![Structures and UV-Vis absorption spectra of NEET proteins and Anamorsin.\
A. (Top) Crystal structures of mNT (PDB code: 2QH7,), NAF-1 (PDB code: 3FNV); (Middle) NEET 2Fe-2S cluster with 3-Cys:1His coordination; (Bottom) Absorption spectra of 25 μM mNT and NAF-1. B. (Top) Crystal structure of the N-terminal domain of Anamorsin (PDB code: 2YUI) with an added schematic of the unstructured 2Fe-2S cluster binding domain; (Middle) Representative Anamorsin 2Fe-2S cluster with 4-Cys coordination (from ferredoxin, PDB code: 1RFK); (Bottom) Absorption spectrum of 43 μM Anamorsin isolated from *E*. *coli*.](pone.0139699.g001){#pone.0139699.g001}

![NEET proteins transfer their 2Fe-2S cluster to apo-Anamorsin.\
The 2F-2S cluster transfer reaction was monitored by UV-Vis absorption spectroscopy. The progress of the transfer was plotted versus time. Cluster transfer from NAF-1 (A) and mNT (B) to apo-Anamorsin occurs only when the 2Fe-2S cluster is oxidized and not when reduced with 10 mM sodium dithionite. Replacement of the coordinating His residue with Cys (H114C for NAF-1 and H87C for mNT) inhibits but does not abolish transfer. All traces shown were obtained with 25 μM NAF-1 or mNT (50 μM 2Fe-2S clusters) and 50 μM apo-Anamorsin in 50 mM bis tris, 100 mM NaCl, 2.5 mM DTT, pH 7.0 at 37°C.](pone.0139699.g002){#pone.0139699.g002}

We further tested whether the 2Fe-2S cluster transfer from the NEET proteins to apo-Anamorsin was dependent on the oxidation state of the cluster as we found in previous studies with cluster transfer to apo-ferredoxin \[[@pone.0139699.ref022], [@pone.0139699.ref023]\]. The reduced NEET spectrum has two distinct peaks ([S3 Fig](#pone.0139699.s003){ref-type="supplementary-material"}), unlike the featureless spectrum of reduced Anamorsin \[[@pone.0139699.ref027]\]. When the NEET 2Fe-2S cluster is pre-reduced with sodium dithionite no transfer to apo-Anamorsin was observed ([Fig 2](#pone.0139699.g002){ref-type="fig"}). This finding shows that NEET cluster transfer to Anamorsin requires oxidized 2Fe-2S clusters as we previously found for transfer from NEET proteins to apo-ferredoxin, as well as observed for transfer from the iron-sulfur assembly protein ISCU to apo-Fd \[[@pone.0139699.ref032]\].

We additionally tested the importance of the single His ligand of mNT and NAF-1 for efficient cluster transfer. Replacement of the coordinating His residues with Cys in NAF-1 (H114C) and in mNT (H87C) inhibited transfer to apo-ferredoxin \[[@pone.0139699.ref022], [@pone.0139699.ref023], [@pone.0139699.ref033], [@pone.0139699.ref034]\]. The spectra of NAF-1 H114C mutant and mNT H87C mutant can be seen in [S4 Fig](#pone.0139699.s004){ref-type="supplementary-material"}. Similarly we find that cluster transfer to apo-Anamorsin was also inhibited by more than 10-fold in these mutants ([Fig 2](#pone.0139699.g002){ref-type="fig"}).

Transfer rates of NEET proteins are similar to those of known human cluster-transfer proteins {#sec010}
---------------------------------------------------------------------------------------------

Transfer of 2Fe-2S clusters to apo-acceptor proteins has been described as being second order \[[@pone.0139699.ref032], [@pone.0139699.ref035]\]. We therefore tested cluster transfer from mNT or NAF-1 to apo-Anamorsin at different concentrations of the NEET dimer donors (3.13 μM, 6.25 μM, 12.5 μM and 25 μM). The observed rate for each concentration (k~obs~) was linearly dependent on the NEET protein concentration ([Fig 3](#pone.0139699.g003){ref-type="fig"}). The apparent second order rate constant (*k* ~2~) for each was determined from the linear fits to the k~obs~ values. The *k* ~2~ values calculated for NAF-1 and mNT are 600 ± 90 M^-1^ min^-1^ and 460 ± 60 M^-1^ min^-1^ respectively, which are similar to rate constants measured for the human 2Fe-2S cluster transfer proteins ISCA and ISCU \[[@pone.0139699.ref032], [@pone.0139699.ref035]\] ([Table 1](#pone.0139699.t001){ref-type="table"}). Transfer rates of some 2Fe-2S transfer proteins are enhanced by ATP-dependant chaperones. IscU from *Azotobacter Vinelandii* in the presence of the HscA/HscB cochaperone system and necessary cofactors transfers with a reported rate constant that is only slightly greater than those of the NEET proteins \[[@pone.0139699.ref036]\] ([Table 1](#pone.0139699.t001){ref-type="table"}). An additional similarity between the NEETs and ISCU is the requirement for oxidation of the 2Fe-2S cluster for transfer \[[@pone.0139699.ref032]\]. Taken together, the NEETs transfer as effectively as ISCU and are likely to function in a similar manner.

![NEET transfer of 2Fe-2S clusters to apo-Anamorsin is second order.\
NAF-1 (A) and mNT (B) transfer to apo-Anamorsin was monitored by UV-Vis absorption spectroscopy for a series of NEET concentrations. For each NEET concentration the ratio 1 NEET dimer per 2 apo-anamorisn was maintained. The rate constant, k~obs~, is determined from the fit of the data to an exponential rise and is plotted versus concentration for NAF-1 (C) or mNT (D). The slope of the best line fit was used to determine apparent second order rate constants (*k* ~2~) for NAF-1 and mNT, which are 600 ± 90 M^-1^ min^-1^ and 460 ± 60 M^-1^ min^-1^ respectively.](pone.0139699.g003){#pone.0139699.g003}

10.1371/journal.pone.0139699.t001

###### Comparision of NEET 2Fe-2S cluster transfer rates to apo-Anamorsin with other known cluster transfer proteins.

![](pone.0139699.t001){#pone.0139699.t001g}

                                                                    *k* ~2~ (M^-1^ min^-1^)
  ----------------------------------------------------------------- ------------------------------------
  NAF-1 to apo-Anamorsin                                            600 ± 90
  mNT to apo-Anamorsin                                              460 ± 60
  hsISCA to apo-hsFerredoxin                                        170 ± 8 \[[@pone.0139699.ref035]\]
  hsISCU to apo-hsFerredoxin                                        540 \[[@pone.0139699.ref032]\]
  [\*](#t001fn001){ref-type="table-fn"}avIscU to apo-avFerredoxin   800 \[[@pone.0139699.ref036]\]

\*Transfer in the presence of chaperones

Here we demonstrate that 2Fe-2S clusters are transferred to Anamorsin from the NEET proteins. To address the possibility that the NEETs are simply suppliers of iron and sulfide via a release and capture mechanism, we performed transfer in the presence of EDTA (an iron chelator which sequesters free iron and thus inhibits cluster assembly). While free iron and sulfide can spontaneously form clusters on Anamorsin \[[@pone.0139699.ref024], [@pone.0139699.ref027]\], EDTA abolishes the assembly. However, transfer from each of the NEETs to apo-Anamorsin proceeds efficiently in the presence of EDTA ([S5 Fig](#pone.0139699.s005){ref-type="supplementary-material"}). Therefore, the NEETs' role in this process is beyond simply supplying iron and sulfide and direct interaction is necessary for efficient transfer.

NAF-1 or mNT bind directly to apo-Anamorsin {#sec011}
-------------------------------------------

To investigate the potential for protein-protein interaction between NEET proteins and Anamorsin we employed biolayer interferometry (BLI). Both NAF-1 and mNT bound directly to immobilized apo-Anamorsin. The association and dissociation curves are shown in [Fig 4](#pone.0139699.g004){ref-type="fig"}. On- (*k* ~on~) and off-rates (*k* ~off~) measured for each interaction are shown in [Table 2](#pone.0139699.t002){ref-type="table"}. The on-rates for NAF-1 and mNT differ by a factor of two, whereas the off-rate of NAF-1 is \~18 fold faster than that of mNT. We also analyzed the binding of the holo-NEETs to holo-Anamorsin ([S6 Fig](#pone.0139699.s006){ref-type="supplementary-material"}).

![Biolayer interferiometry shows a direct protein-protein interaction of NAF-1 and mNT with apo-Anamorsin.\
Sensorgrams for the binding of holo-NAF-1 (A) and holo-mNT (B) to biotinylated apo-Anamorsin immobilized to streptavidin-coated biosensors are shown. The association was followed for 900 seconds (rising signal) followed by 1800 seconds of dissociation (decaying signal). The data was fit to a one-to-one model (black curves). On- and off-rates were determined from the fits for each NEET-Anamorsin concentration (shown in [Table 2](#pone.0139699.t002){ref-type="table"}).](pone.0139699.g004){#pone.0139699.g004}

10.1371/journal.pone.0139699.t002

###### NEET-apo-Anamorsin association and dissociation rates determined by biolayer interferometry.

![](pone.0139699.t002){#pone.0139699.t002g}

          *k* ~on~ (M^-1^ min^-1^)   *k* ~off~ (min^-1^)
  ------- -------------------------- ----------------------
  NAF-1   (4.7 ± 0.8) x 10^4^        (6.6 ± 0.2) x 10^−2^
  mNT     (1.9 ± 0.6) x 10^4^        (3.7 ± 0.5) x 10^−3^

NEET proteins can transfer to each of the Anamorsin cluster-binding sites {#sec012}
-------------------------------------------------------------------------

Anamorsin has two 2Fe-2S cluster binding sites and *in vitro* chemical reconstitution showed that each cluster site could be reconstituted but cluster binding was mutually exclusive \[[@pone.0139699.ref027]\]. We refer to the first site as C1 and the second as C2 ([Fig 5A](#pone.0139699.g005){ref-type="fig"}). Anamorsin mutants containing only a single cluster-binding site were produced in which all four cysteine residues from the other site were replaced with serines to test for possible preferential transfer from mNT or NAF-1 to apo-Anamorsin. The absorbance spectrum for each mutant can be seen in [S7 Fig](#pone.0139699.s007){ref-type="supplementary-material"}. As shown in [Fig 5](#pone.0139699.g005){ref-type="fig"}, each Anamorsin mutant received clusters from each NEET donor protein showing little preference for transfer to either the C1 or C2 acceptor sites.

![NEET proteins can transfer their clusters to either of Anamorsin 2Fe-2S cluster-binding sites.\
Anamorsin mutants containing a single cluster-binding site are shown; the other cluster site was disrupted by replacing all of the Cys residues with Ser. (A) Schematics of Anamorsin-C1 (green) and Anamorsin-C2 (magenta) are shown. 2Fe-2S cluster transfer from NAF-1 (B) or mNT (C) to each single cluster binding apo-Anamorsin mutant was monitored by UV-Vis absorption spectroscopy. Traces were obtained with 25 μM NAF-1 or mNT (50 μM 2Fe-2S clusters) and 50 μM apo-Anamorsin.](pone.0139699.g005){#pone.0139699.g005}

NAF-1 homodimers can supply both 2Fe-2S clusters to Anamorsin {#sec013}
-------------------------------------------------------------

Given the above results, we decided to test whether either a single NEET homodimer could supply 2Fe-2S clusters to both C1 and C2 acceptor sites of a single apo-Anamorsin. Cluster transfer was measured for NAF-1 with stoichiometric donor cluster to acceptor sites (50 μM NAF-1 dimer and 50 μM apo-Anamorsin) ([Fig 6A](#pone.0139699.g006){ref-type="fig"}). We focused on NAF-1 because only NAF-1 showed complete transfer with excess apo-Anamorsin ([Fig 2](#pone.0139699.g002){ref-type="fig"}). Transfer of \~1.5 2Fe-2S clusters per Anamorsin was found, surprisingly showing that at least half of the Anamorsin proteins accepted two clusters after incubation with NAF-1. We observed no loss of cluster to solution (spectral amplitude). As the data are well fit to a single exponential phase, both clusters are transferred in kinetically indistinguishable steps. The simplest explanation is that both clusters are transferred in a single binding event, although they may be at slightly different rates because of the different amino acid composition around the two Anamorsin cluster-binding sites. The incomplete transfer may be due to formation of intramolecular disulfide bonds in apo-Anamorsin or possibly due to modified cysteine side-chains in apo-Anamorsin. The former was suggested previously for incomplete transfer from ISCU to apo-ferredoxin \[[@pone.0139699.ref032]\]. To confirm the formation of fully occupied holo-Anamorsin following transfer from NAF-1 we used electrospray ionization mass spectrometry (ESI-MS). The holo-Anamorsin formed by a transfer reaction with NAF-1 was purified from NAF-1 using anion exchange chromatography. The resulting holo-Anamorsin was analyzed by ESI-MS. Additionally we acquired ESI-MS spectra for apo-Anamorsin and Anamorsin as it was purified from *E*. *coli*. The resulting spectra are shown in [Fig 6B](#pone.0139699.g006){ref-type="fig"}. The expected mass for the apo-Anamorsin construct is 35614 Da and the expected mass of a 2Fe-2S cluster is 176 Da. We find that the Anamorsin purified from *E*. *coli* is predominantly contains a single cluster, while the major fraction of post-transfer Anamorsin contains two 2Fe-2S clusters; previously chemical reconstitution reported cluster occupancy to be mutually exclusive \[[@pone.0139699.ref027]\]. This result shows the necessity of direct transfer to activate Anamorsin.

![NEET homodimers can transfer their two 2Fe-2S clusters to Anamorsin.\
(A) 2Fe-2S transfer from 50 μM dimeric NAF-1 to 50 μM apo-Anamorsin (two 2Fe-2S clusters per Anamorsin) (shown in red) is compared to 25 μM NAF-1 to 50 μM apo-Anamorsin (one 2Fe-2S cluster per Anamorsin) (shown in blue). Transfer is near complete for the one 2Fe-2S cluster per Anamorsin sample and is approximately 75% complete for the two 2Fe-2S cluster per Anamorsin sample. The latter result shows that at least half of the Anamorsin is capable of receiving two 2Fe-2S clusters from a single NAF-1 homodimer. (B) Anamorsin following a transfer reaction with NAF-1 was purified and analyzed by ESI-MS (shown in red). Mass spectra of apo-Anamorsin (solid black line) is compared to the major peak for post-transfer Anamorsin (solid red line) which shows an increase in the mass corresponding to the incorporation of two 2Fe-2S clusters. There is also a minor peak at 35856 Da that likely corresponds to Anamorsin with a single 2Fe-2S cluster and an iron ion bound that may be a remnant of a cluster that degraded during the sample preparation process. *E*. *coli*-purified Anamorsin is shown for comparison (dotted line) which shows Anamorsin containing a single 2Fe-2S cluster.](pone.0139699.g006){#pone.0139699.g006}

Discussion {#sec014}
==========

In this study, we identified Anamorsin as the first human 2Fe-2S cluster acceptor protein for both the OMM cancer related mNT and NAF-1 proteins. Recently, Ferecatu *et al*. \[[@pone.0139699.ref037]\] determined that mNT acquires its 2Fe-2S clusters from the mitochondrial ISC system. Our results show that once obtained, mNT (and NAF-1) can transfer its 2Fe-2S clusters to Anamorsin thereby providing a well-defined pathway from the ISC to the CIA via the outer membrane tethered mNT ([Fig 7](#pone.0139699.g007){ref-type="fig"}).

![NEET proteins provide a link between the ISC and CIA pathways.\
mNT on the OMM and NAF-1 on the MAM receive 2Fe-2S clusters produced inside the mitochondria by the ISC system. Both mNT and NAF-1 transfer these 2Fe-2S clusters to Anamorsin. Anamorsin receives electrons from the diflavin reductase NDOR1 and supplies them to the CIA system as an early step necessary for the production of 4Fe-4S clusters. This step requires the holo form of Anamorsin. Both mNT and NAF-1 can provide parallel routes linking CIA to ISC. CIA produced clusters are targeted to proteins in the cytosol and the nucleus and are important for cell metabolism, maintenance and proliferation.](pone.0139699.g007){#pone.0139699.g007}

Anamorsin, which is an essential component of the CIA, harbors two Fe-S cluster-binding sites and we found that mNT or NAF-1 can transfer 2Fe-2S clusters to both cluster-binding sites. The NEET proteins can supply all necessary clusters for activating Anamorsin for its electron transfer function. This now links the necessity for mitochondrial Fe-S cluster assembly with the function of the cytosolic CIA \[[@pone.0139699.ref037], [@pone.0139699.ref038]\].

The NEET's location at the OMM/MAM and their cluster transfer function similarities to ISCU suggest that they may be part of a pathway linking mitochondrial 2Fe-2S assembly to the CIA system. While Ferecatu *et al*. demonstrated that knockdown of mNT did not have a significant impact on the maturation of CIA-dependant Fe-S proteins \[[@pone.0139699.ref037]\], we show that NAF-1 is more efficient at transferring to apo-Anamorsin and may be a parallel route to the CIA.

The properties of the NEET proteins suggest that in addition to mitochondrial 2Fe-2S transport, they function as reservoirs allowing 2Fe-2S clusters to be assembled under favorable conditions inside the mitochondria and stored for faster availability when cytosolic 2Fe-2S clusters are needed. This would allow for faster response to immediate needs than would be possible if mitochondrial assembly and transport through two membranes to cytosolic proteins. In support of this function, mNT was recently found to reassemble/repair the 4Fe-4S cluster of cytosolic iron regulatory protein 1 (IRP1; cytosolic aconitase) following oxidative damage \[[@pone.0139699.ref037]\]. Thus the NEETs can function in transport of 2Fe-2S clusters out of the mitochondria as well as a reservoir of readily available 2Fe-2S clusters.

NAF-1, mNT and Anamorsin have each been implicated in cancer \[[@pone.0139699.ref015], [@pone.0139699.ref039]--[@pone.0139699.ref041]\]. Both NEET proteins are over-expressed in epithelial breast cancer cells, and decreasing their expression via shRNA knockdowns results in decreased cancer cell proliferation and decreased tumor growth. As Fe-S proteins are essential for DNA replication and cell growth, the need for fast supply of Fe-S clusters conveniently links the NEET proteins to cancer cell proliferation. Furthermore, the yeast homolog of Anamorsin (Dre2) is required for assembly of the diferric-tyrosyl radical cofactor of ribonucleotide reductase \[[@pone.0139699.ref042]\], which is necessary for the production of deoxynucleotides. A limited availability of deoxynucleotides would also inhibit DNA replication and thus cancer cell proliferation. Targeting the NEET proteins may be a convenient means to control many processes that are required for the accelerated proliferation of cancer cells with the possibility to modulate using small molecule targeting of the NEET proteins \[[@pone.0139699.ref043]\].

In this study, we provide a well-defined link between the ISC and CIA systems via mNT and NAF-1, which are the only known 2Fe-2S proteins associated with the OMM. We show that the NEET proteins can transfer both of their 2Fe-2S clusters via a direct protein-protein interaction to activate the essential CIA protein, Anamorsin.

Supporting Information {#sec015}
======================

###### UV-Vis Spectra of NEET 2Fe-2S cluster transfer to apo-Anamorsin.

Spectra at select time points from the cluster transfer curves shown in [Fig 2](#pone.0139699.g002){ref-type="fig"} for NAF-1 (A) and mNT (B) to apo-Anamorsin are shown. Baselines were normalized to an absorbance of zero at 800 nm.

(TIF)

###### 

Click here for additional data file.

###### NEET cluster transfer occurs after removal of DTT.

100 μM apo-Anamorsin was pre-incubated with 2.5 mM DTT for 60 minutes. DTT was removed using a Quick Spin Protein buffer exchange column (Roche), followed by addition of 25 μM NAF-1. Sample was kept under nitrogen to prevent disulfide bond formation. The time points shown are at 0 (red) and 200 (blue) minutes.

(TIF)

###### 

Click here for additional data file.

###### Comparison of oxidized and reduced NEET UV-Vis spectra.

Absorbance spectrum of 25 μM NAF-1 with (red) and without (blue) 5 mM dithionite.

(TIF)

###### 

Click here for additional data file.

###### UV-Vis Spectra of NEET mutants.

Absorption spectra of 25 μM NAF-1 H114C mutant (left) and 25 μM mNT H87C mutant. Note that the mutants show an increased absorbance at 423 nm due to the change in the ligation of the 2Fe-2S clusters, but also that the spectra are distinct from that of anamorsin ([Fig 1](#pone.0139699.g001){ref-type="fig"}).

(TIF)

###### 

Click here for additional data file.

###### NEET cluster transfer occurs in the presence of EDTA.

For all traces shown 50 μM apo-Anamorsin was pre-incubated with 2.5 mM DTT 250 μM EDTA for 60 minutes followed by the addition of 100 μM ferric chloride and 100 μM ammonium sulfide (shown in red on both A and B), 25 μM NAF-1 (A) or 25 μM mNT (B). The time points shown are each at 150 minutes. No Anamorsin cluster formation occurs from free Fe^3+^ and S^2-^ in the presence of EDTA, but cluster transfer from both NAF-1 and mNT does occur.

(TIF)

###### 

Click here for additional data file.

###### Holo-NEETs bind to holo-Anamorsin.

Biolayer interferiometry sensorgrams for the binding of 16 μM holo-NAF-1 (A) and 32 μM holo-mNT (B) to biotinylated holo-Anamorsin (prepared via cluster transfer) immobilized to streptavidin-coated biosensors are shown. The association was followed for 900 seconds (rising signal) followed by 1800 seconds of dissociation (decaying signal). The data fit best to a 2:1 heterogeneous ligand model (black curves), possibly due to a small population single cluster Anamorsin present, which can be seen in the ESI-MS spectrum in [Fig 6](#pone.0139699.g006){ref-type="fig"}. (C) On- and off-rates shown in the table are the average of two trials. NAF-1 binds to holo-Anamorsin with similar kinetics as to apo-Anamorsin, while mNT has a similar on-rate but a 50-fold faster off-rate. The binding between the holo-NEETs and holo-Anamorsin may have an additional biological function, possibly electron transfer, which is a subject for future studies.

(TIF)

###### 

Click here for additional data file.

###### UV-Vis Spectra of Anamorsin single-cluster mutants.

Absorption spectra of 60 μM holo-Anamorsin-C1 mutant (A) and 90 μM holo-Anamorsin-C2 (B).

(TIF)

###### 

Click here for additional data file.
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